Mapping of iron and zinc quantitative trait loci in soybean for association to iron deficiency chlorosis resistance by King, Keith E. et al.
Agronomy Publications Agronomy
1-30-2013
Mapping of iron and zinc quantitative trait loci in
soybean for association to iron deficiency chlorosis
resistance
Keith E. King
Iowa State University
Gregory A. Peiffer
Iowa State University
Manju B. Reddy
Iowa State University, mbreddy@iastate.edu
Nick Lauter
United States Department of Agriculture
Shun Fu Lin
National Taiwan University
See next page for additional authors
Follow this and additional works at: http://lib.dr.iastate.edu/agron_pubs
Part of the Architecture Commons, Food Biotechnology Commons, Human and Clinical
Nutrition Commons, Other Food Science Commons, and the Plant Breeding and Genetics
Commons
The complete bibliographic information for this item can be found at http://lib.dr.iastate.edu/
agron_pubs/27. For information on how to cite this item, please visit http://lib.dr.iastate.edu/
howtocite.html.
This Article is brought to you for free and open access by the Agronomy at Digital Repository @ Iowa State University. It has been accepted for
inclusion in Agronomy Publications by an authorized administrator of Digital Repository @ Iowa State University. For more information, please
contact digirep@iastate.edu.
Authors
Keith E. King, Gregory A. Peiffer, Manju B. Reddy, Nick Lauter, Shun Fu Lin, Silvia R. Cianzio, and Randy C.
Shoemaker
This article is available at Digital Repository @ Iowa State University: http://lib.dr.iastate.edu/agron_pubs/27
This article was downloaded by: [Iowa State University]
On: 11 September 2014, At: 10:05
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK
Journal of Plant Nutrition
Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/lpla20
MAPPING OF IRON AND ZINC
QUANTITATIVE TRAIT LOCI IN SOYBEAN
FOR ASSOCIATION TO IRON DEFICIENCY
CHLOROSIS RESISTANCE
Keith E. King a , Gregory A. Peiffer a , Manju Reddy a , Nick Lauter b ,
Shun Fu Lin c , Silvia Cianzio a & Randy C. Shoemaker b
a Department of Agronomy , Iowa State University , Ames , Iowa ,
USA
b Corn Insects and Crop Genetics Research Unit, USDA-ARS , Ames ,
Iowa , USA
c Department of Agronomy , National Taiwan University , Taipei ,
Taiwan
Accepted author version posted online: 30 Jan 2013.Published
online: 25 Oct 2013.
To cite this article: Keith E. King , Gregory A. Peiffer , Manju Reddy , Nick Lauter , Shun Fu Lin ,
Silvia Cianzio & Randy C. Shoemaker (2013) MAPPING OF IRON AND ZINC QUANTITATIVE TRAIT LOCI IN
SOYBEAN FOR ASSOCIATION TO IRON DEFICIENCY CHLOROSIS RESISTANCE, Journal of Plant Nutrition,
36:14, 2132-2153, DOI: 10.1080/01904167.2013.766804
To link to this article:  http://dx.doi.org/10.1080/01904167.2013.766804
PLEASE SCROLL DOWN FOR ARTICLE
Taylor & Francis makes every effort to ensure the accuracy of all the information (the
“Content”) contained in the publications on our platform. However, Taylor & Francis,
our agents, and our licensors make no representations or warranties whatsoever as to
the accuracy, completeness, or suitability for any purpose of the Content. Any opinions
and views expressed in this publication are the opinions and views of the authors,
and are not the views of or endorsed by Taylor & Francis. The accuracy of the Content
should not be relied upon and should be independently verified with primary sources
of information. Taylor and Francis shall not be liable for any losses, actions, claims,
proceedings, demands, costs, expenses, damages, and other liabilities whatsoever or
howsoever caused arising directly or indirectly in connection with, in relation to or arising
out of the use of the Content.
This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden. Terms &
Conditions of access and use can be found at http://www.tandfonline.com/page/terms-
and-conditions
D
ow
nl
oa
de
d 
by
 [I
ow
a S
tat
e U
niv
ers
ity
] a
t 1
0:0
5 1
1 S
ep
tem
be
r 2
01
4 
Journal of Plant Nutrition, 36:2132–2153, 2013
Copyright C© Taylor & Francis Group, LLC
ISSN: 0190-4167 print / 1532-4087 online
DOI: 10.1080/01904167.2013.766804
MAPPING OF IRON AND ZINC QUANTITATIVE TRAIT LOCI
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 Iron deficiency chlorosis (IDC) in soybean results in yield losses or in extreme cases death. Breed-
ing for resistance has shown limited success with no cultivar having complete resistance. Mineral
content of the soybean could be an indicator of the ability of the plant to withstand the effects of
IDC. Iron (Fe) and zinc (Zn) concentration was examined in soybean seed and leaves. SSR, RFLP,
and BARCSOYSSR markers were used to construct a linkage map used for mapping of Fe and
Zn concentrations. The QTL analysis for the combined data identified one major QTL for seed
Fe accumulation on chromosome 20 that explained 21.5% of the variation. This QTL was in
the marker interval pa 515-1-Satt239, with marker pa 515-1 previously being used to map an Fe-
efficiency QTL. This provides the first evidence of a potential genetic link between Fe-efficiency and
Fe accumulation in the soybean seed.
Keywords: iron, environmental stresses, disease resistance
INTRODUCTION
Iron deficiency chlorosis (IDC) affects plants grown on calcareous soils
with a high soil pH, which is a common soil characteristic in the upper
Midwestern United States. IDC is observed in the interveinal tissue of new
leaves. This phenotype is a direct result of the plant’s inability to utilize
available iron (Fe) from the rhizosphere (Froehlich and Fehr, 1981). IDC
in soybean [Glycine max (L.) Merr.] results in stunted plants with interveinal
pale green or yellow-to-nearly-white leaves, shortened internodes, and in
Received 28 June 2011; accepted 30 September 2011.
Address correspondence to Randy Shoemaker, Corn Insects and Crop Genetics Research Unit,
USDA-ARS, Ames, IA 50011, USA. E-mail: rcsshoe@iastate.edu
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QTL Mapping Fe and Zn Concentration in Soybean 2133
the most extreme cases necrosis and death. Ultimately, plants surviving any
expression of IDC will exhibit a reduction in yield (Franzen et al., 2004;
Zheng et al, 2009; Niebur and Fehr, 1981).
Strategies to alleviate IDC symptoms have included increasing seed den-
sity, seed treatments with iron (Fe)- ethylenediamine-N,N’-bis (EDDHA),
and foliar application of Fe-ethylenediaminetetraacetic acid (EDTA). Each
method has garnered limited success and requires an added cost to the
producer (Wiersma, 2007; Goos and Johnson, 2000, 2001). A more prac-
tical and cost-effective approach is cultivar selection based on genetic tol-
erance/resistance to IDC. Seed Fe concentration has been proposed as
a selection factor for breeding for tolerance/resistance to IDC, because
micronutrient reserves of seeds represent a significant source of mineral
elements for early seedling establishment in nutrient-limited growing con-
ditions (Bityutskii et al., 2002).
Research has been done in several plant species to determine Fe con-
centration in the seed (Garnett and Graham, 2005; Bityutskii et al., 2002;
Cichy et al., 2009; Silva et al., 2003). However little has been reported on
the direct relationship between IDC tolerance/resistance and Fe concen-
tration in soybean. Shen et al. (2002) showed that wheat seed high in Fe
had better seedling vigor and greater chlorophyll concentration in fresh,
fully expanded leaves. Moraghan and Helms (2005) evaluated seed Fe in
27 soybean genotypes differing in seed size. Genotypes differed in seed Fe
concentration from 48 to 81 μg Fe g−1. Seed Fe content ranged from 4.6
to 14.3 μg Fe g−1 seed. Variability in seed Fe content was mainly due to
differences in seed weights of genotypes, whereas seed Fe concentration
was not correlated with individual seed weight. The authors were able to
provide evidence that Fe-efficient plants produce seed with higher Fe con-
centration than Fe-inefficient plants. Earlier, Tiffin et al. (1973) reported
that Fe-deficient seedlings export 90% of the Fe located in the cotyledons.
This suggests that iron export is an adaptive response by the plant to provide
physiologically important Fe to developing cells remote from the storage site.
Quantitative trait loci (QTL) for IDC have beenmapped. However, many
genes involved in the iron stress response/adaptation have yet to be identi-
fied. Parental selection can influence the genetic mechanism for response
to IDC. Lin et al. (1997) confirmed that IDC is a complex trait, controlled
by either a major gene with modifying genes, or by a polygenic mechanism
with each gene having a minor effect. The populations evaluated were Pride
B216 × A15 and Anoka × A7. Four QTLS were found to be responsible for
21.6% of the phenotypic variation in the Pride B216 × A15 population. In
the Anoka × A7 population investigators identified two major QTLs respon-
sible for 75.3% of the variation with a major QTL that mapped to linkage
group N (chromosome 3).
Charlson et al. (2003) reviewed simple sequence repeat (SSR) markers
that were genetically linked to resistance and significantly associated with
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2134 K. E. King et al.
chlorosis scores. They determined that genotypic selection with resistance-
linked markers could increase the potential of selecting resistant lines in
the field. The markers that were most promising were in regions of Fe ef-
ficiency QTL. A total of 36 QTL have been associated with Fe efficiency
(http://www.soybase.org). A recent study using more than two-hundred
genotypes and association mapping identified additional IDC-related loci
(Mamidi et al., 2012). However, there is a lack of information on QTL that
are associated with the macro- and micronutrients that are in the seed and
leaves and that could be associated with mineral efficiency. QTL analysis
for mineral accumulation could also identify genes encoding, for example,
transporters, chelators, or chelator biosynthesis enzymes in addition to regu-
latory factors such as protein kinases, membrane receptors, or transcription
factors (Vreugdenhil et al., 2004).
For instance, the IRT1 (iron regulated transporter), amember of the ZIP
(zinc regulated transport IRT-like protein family), is involved in the response
to Fe stress, but it is also involved in the transport of zinc (Zn) (Grotz and
Guerinot, 2006). Zinc (Zn) availability and uptake is important to plant
growth anddevelopment. They are especially important to tolerance for both
biotic and abiotic stress and to electron transport in photosynthesis (Kirkby
and Ro¨mheld, 2004). Like Fe, the environmental and genetic components
of Zn deficiency have yet to be fully characterized. However, as with Fe
deficiency, Zn is also a common crop deficiency observed in soils high in
pH (Broadly et al., 2007; Wissuwa et al., 2006). Both Fe and Zn utilize
similar mechanisms for mineral transport and response to mineral-limited
environments.
The objectives of this research were: to 1) identify seed and leaf QTL
for iron and zinc concentration in the soybean population Anoka × A7, the
same population previously used to identify a major gene and modifying
gene mechanism QTL for IDC efficiency; 2) to determine if QTL for iron
and zinc accumulation co-localized to the same regions of the genome;
and 3) to determine if any of the newly identified QTL for Fe and/or Zn
concentration correlate with QTL previously identified for Fe efficiency.
If the QTL correlate it would suggest that genotype selection based upon
iron and/or zinc composition in seed or leaves may be an indirect selection
method for IDC resistance.
MATERIALS AND METHODS
Plant Material
The plant material used for mapping of the QTL for soybean seed and
leaf Fe and Zn concentration was 92 F2:4 lines from Anoka × A7. This
population was previously used to confirm amajor gene withmodifying gene
action mechanism affecting IDC (Lin et al., 1997). A7 was the Fe efficient
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QTL Mapping Fe and Zn Concentration in Soybean 2135
parent developed through a recurrent selection program, and Anoka was
determined to be Fe inefficient (Fehr et al., 1984; Cianzio and Fehr, 1980).
Inefficient/susceptible checks used in the study were Pride B216, Williams
82, and PI 547430, and efficient/resistant checks were A15 and Clark.
Phenotypic Evaluations
The 92 F2-derived lines and the checks were planted at the Bruner Farm,
near Ames, IA on non-calcareous soil in 2008 and 2009. The experiment was
set up as a randomized complete block design (RCBD) with three repli-
cations. Forty seeds were planted for each line/genotype with no thinning
performed. The plots were 1.52m long and 0.91m in distance from adjacent
plots. Leaf samples were taken from each line/genotype from the second
fully expanded trifoliate 3–4 weeks after planting. Leaf tissue was then stored
in liquid nitrogen, before being lyophilized for analysis and DNA extraction.
Upon maturity, seed from each plot was harvested in bulk for Zn and Fe
analysis.
Nutrient analysis followed the procedure of Westerman (1990). Briefly,
five grams of seed from each line/genotype were ground using a Foss Cy-
clotec mill (1093 SampleMill, Foss, Eden Prairie, MN, USA) equipped with a
1-mm screen. A 0.5 g subsample was taken from each genotype and dry-ashed
in a muffle furnace in the following sequence: 200◦C for 1 hour, 350◦C for
1 hour, and 500◦C for a minimum of 4 hours but not more than 8 hours.
Samples were then allowed to air cool for a minimum of 2 hours. Once
cooled, they were digested in a dilute acid solution [300 mL hydrochloric
acid (HCl), 100 mL nitric acid (HNO3) in 1 L of ddH2O] and brought to
a final volume of 10 mL for analysis. Correspondingly, a 0.5 g subsample of
leaf tissue ground with mortar and pestle was dry-ashed and digested using
the previous procedure. Fe and Zn concentration were then quantified at
the Iowa State Agronomy Soil and Plant Testing Facility using the Inductive
coupled plasma-optical emission spectroscopy (ICP-OES) and computed as
parts per million.
Statistical Analysis
For this experiment, all effects were considered random. Data was an-
alyzed using standard ANOVA procedures with the Jmp statistical package
(JMP, Version 8. SAS Institute Inc., Cary, NC, USA). Broad sense heritability
(h2b) was estimated on an entry mean basis using expected mean squares
from the combined analysis of variance (ANOVA) (Fehr, 1987) as follows:
h2b =
F 2g(
F 2e
r x e +
F 2ge
e + F 2g
)
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2136 K. E. King et al.
where F 2g = genetic variance, F 2ge = genotype × environment interaction
variance, F 2e = experimental error variance, r = number of replications, and
e = number of environments. Expected mean square estimates that were
negative were treated as a zero value. Zinc values were log transformed to
normalize the data. Pearson’s correlation coefficients were calculated seed
Fe and Zn concentration, and leaf Fe and Zn concentration to evaluate the
correlation, if any, between Fe and Zn accumulation in soybean seed and
leaves.
Construction of the Genetic Linkage Maps
The parental lines Anoka and A7 were surveyed for polymor-
phism with 916 SSR markers available from the Soybase website
(http://soybase.agron.iastate.edu). Most likely orders of and recombina-
tion rates among markers were estimated with Mapmaker 3.0 (Lander et al.,
1987). Linkage groups were determined with the “group” command using
a logarithm of the odds (LOD) of 4.0 and maximum Haldane distance of
50 centiMorgans (cM). Map order was determined using the “three point”
command followed by “order,” “framework,” and “place.” Previous markers
that formed linkage groups for this population were integrated into the cur-
rent map (Lin et al., 1997). Additionally, 303 BARCSOYSSR markers were
downloaded from the Soybase website and surveyed for polymorphism to in-
crease marker density on chromosomes with larger marker intervals (Song
et al., 2010).
QTL Mapping
Linkage maps were imported into MapQTL6 (Van Ooijen, 2009), and
QTL positions and effects for soybean seed and leaf Fe and Zn were de-
termined using interval mapping (IM) and multiple-QTL mapping (MQM)
(Lander and Botstein, 1989; Jansen, 1993, 1994). The significant thresh-
old LOD scores for detection of the QTL were calculated based on 1,000
permutations at P ≤ 0.05 (Churchill and Doerge, 1994). As described by
Liang et al. (2010), the IM method was used to determine locations of
putative QTL for the traits. Subsequently, MQM was performed to elim-
inate inference from background markers. In order to reduce residual
variance, background markers closest to the LOD peak were selected as
cofactors. The mapping step size was 1.0 cM with the maximum num-
ber of neighboring markers five, and maximum number of iterations set
to 200.
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RESULTS
Construction of Genetic Linkage Maps
The original genetic map of the Anoka × A7 used by Lin et al. (1997),
which consisted of 82 restriction fragment length polymorphisms (RFLP),
14 SSR, and one morphological marker, was integrated into the current
genetic map. Informative marker data were available for 146 SSRs and were
assigned to the 20 linkage groups. One hundred six SSR markers completed
the linkagemap along with the 12 informative BARCSOYSSRs. The complete
linkage map consisted of a total of 150 markers. Using Haldane’s mapping
function and summingover all linkage groups, we obtained a total of 2,722.09
cM flanked by linked markers. The average length of the linkage groups was
136.10 cM, with a range from 44.71 cM on chromosome 10 to 201.41 cM on
chromosome 18. The average length of the marker intervals was 18.15 cM.
The average number of markers per chromosome was 7.5, with a range from
3 to 14 (Figure 1).
Zn and Fe Concentration
The progeny in the population exhibited segregation for both seed
and leaf Fe and Zn (Table 1 and Figure 2). Each of the traits exhibited a
FIGURE 1 The genetic linkage map of Anoka × A7 population.
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2138 K. E. King et al.
TABLE 1 Mean (standard deviation), range, and heritability estimates for the four traits grown 2008
and 2009 and combined over years
Trait
(μg g−1) 2008 2009 Combined Range h2
Seed Zn 3.5± 0.1 3.9± 0.1 3.7± 0.1 3.5 ∼ 4.0 0.47
Seed Fe 59.5± 4.5 97.0± 7.2 78.3± 4.4 67.6 ∼ 92.7 0.30
Leaf Zn 56.1± 4.3 10.7± 3.0 33.4± 2.5 26.5 ∼ 40.9 0.00
Leaf Fe 515.0± 115.5 681.9± 153.8 600.0± 101.5 379.9 ∼ 1089.7 0.14
Zn, zinc; Fe, iron.
significant year effect (P < 0.01) (Table 2). A significant genotype effect was
detected for seed Zn and Fe, as well as leaf Zn. Seed Fe and leaf Zn exhibited
a significant genotype × environment interaction effect. The trait with the
highest broad sense heritability was seed Zn (0.47), and seed Fe followed
with a broad sense heritability of 0.30 (Table 1.). Leaf mineral concentra-
tion had considerably lower broad sense heritability estimates than that of
the seed minerals. Leaf Zn had no detectable heritability in this study and
leaf iron was 0.14.
FIGURE 2 Distributions of the Fe and Zn concentrations in the Anoka × A7 population in seed and
leaf tissue.
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TABLE 2 ANOVA table for the seed and leaf iron and zinc for 2008 and 2009 with p-values from the
F-test
Sd Zn Sd Fe Lf Zn Lf Fe
Source DF Prob > F Prob > F Prob > F Prob > F
Year 1 <.0001∗ <.0001∗ <.0001∗ <.0001∗
Replication[year] 4 <.0001∗ <.0001∗ <.0001∗ <.0001∗
Genotype 91 0.012∗ <.0001∗ 0.0391∗ 0.3225
Year∗genotype 91 0.503 0.0054∗ 0.0026∗ 0.4989
∗ Significant at P <0.01.
To evaluate the effect of environment on traits in the mapping popu-
lation, Pearson’s correlation coefficient (r) was determined for 2008 and
2009 and then over combined data (Tables 3 and 4). The highest correla-
tions were between seed Fe 2008 and seed Zn 2008 (0.63) (Table 3). This was
followed by leaf Fe 2009 and leaf Fe 2008 (0.52), and leaf Zn 2009 and seed
Fe 2008 (0.51). With the exception of four correlation coefficients, all were
significant at the P <0.01 level. The coefficient for seed Fe 2009 and seed Zn
2009 (0.12) was weak and non significant, which was a stark contrast to 2008.
With the exception of significant correlations between leaf Zn 2009 with seed
Zn 2008 and 2009 (0.46; 0.22), the rest of the coefficients were mostly signifi-
cantly negatively correlated with leaf mineral concentration. Combined over
years, seed Fe and seedZn concentrations had a significantly high correlation
(0.72), indicating that concentrations for each mineral may be controlled
by the same loci for seed mineral loading (Table 4). Leaf Fe and seed Fe
had a small significant correlation, which could indicate that the same genes
involved in iron uptake and translocation in the leaves are involved in the
Fe loading phase of pod development. The rest of the coefficients for Zn
minerals were negative and significant. This would indicate selecting for leaf
Zn concentration could have a negative impact on the amount of Fe or Zn
accumulated in the seed, which could be expected with leaf Zn having no
detectable heritability.
QTL Analysis for Seed Zn and Fe Concentration
The data for 2008 and 2009 and the average across years were used for
detection and mapping of QTL controlling seed and leaf Zn and Fe concen-
trations. For seed Fe concentration, two suggestive QTL were detected in
2008 (Table 5), whereas, one significant QTL and one suggestive QTL were
detected in 2009. Suggestive QTL were those QTL that had peaks that did
not exceed the genome-wide threshold but on the chromosome level were
close to or were significant at P = 0.05 (Tiwari et al., 2009; Willems et al.,
2010). Those four QTL were each on different chromosomes, with the sig-
nificant QTL on chromosome 1 in the marker interval Satt295-Satt383. This
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TABLE 4 Pearson correlation coefficients between seed and leaf Fe and Zn concentrations in the
Anoka × A7 population combined over years 2008 and 2009
Log(Sd Zn (μg g−1)) Sd Fe (μg g−1) Lf Zn (μg g−1)
Log(Sd Zn (μg g−1)) 1
Sd Fe (μg g−1) 0.72∗ 1
Lf Zn (μg g−1) −0.65∗ −0.88∗ 1
Lf Fe (μg g−1) −0.07 0.26∗ −0.26∗
∗Significant at P < 0.01.
QTL had a LOD score of 4.3, and represented 21.2% of the variation for the
trait. The three suggestive QTL ranged in LOD scores from 2.5–3.0 and were
on chromosomes 7, 12, and 17. These were in the marker intervals pk 417H-
pk 70T , Satt635-pa 132, and Satt528-Satt488, respectively. The R2 values for
these QTL were 20.1, 25.7, and 14.3, respectively. When data were combined
over years, one significant QTL and three suggestive QTL for seed Fe con-
centration were detected (Figure 3). The significant QTL mapped to chro-
mosome 20 in the marker interval pa 515-1-Satt239 with a LOD score of 4.7
and representing 21.5% of the variation. The suggestive QTL were on chro-
mosome 1 (one) and on chromosome 12 (two). The LOD scores for these
QTL were 3.2, 3.4, and 2.8, respectively. They had R2 values of 10.6, 12.3,
and 12.7 and were in the marker intervals Satt532-Satt321, Satt635-pa 132H ,
FIGURE 3 Fe concentration QTL mapped in the combined 2008 and 2009 data with the significant
QTL on chromosome 20 (Color figure available online).
D
ow
nl
oa
de
d 
by
 [I
ow
a S
tat
e U
niv
ers
ity
] a
t 1
0:0
5 1
1 S
ep
tem
be
r 2
01
4 
T
A
B
L
E
5
Su
m
m
ar
y
of
Q
ua
n
ti
ta
ti
ve
T
ra
it
L
oc
i(
Q
T
L
)
de
te
ct
ed
fo
r
se
ed
ir
on
an
d
zi
n
c
co
n
ce
n
tr
at
io
n
s
in
th
e
A
n
ok
a
×
A
7
po
pu
la
ti
on
M
ea
n
s
of
Q
T
L
ge
n
ot
yp
ic
cl
as
se
s
C
h
ro
m
os
om
e
M
ar
ke
r
In
te
rv
al
Po
si
ti
on
(c
M
)
L
O
D
R
2
A
1A
1
A
1A
2
A
2A
2
A
dd
it
iv
e
E
ff
ec
ts
Q
T
L
fo
r
so
yb
ea
n
se
ed
Fe
co
n
ce
n
tr
at
io
n
20
08 12
/H
Sa
tt
63
5-
pa
13
2H
7.
0
3.
0
25
.7
59
.6
7
61
.8
1
56
.3
9
1.
64
7/
M
pk
41
7H
-p
k
70
T
69
.9
2.
5
20
.1
58
.4
7
60
.3
0
55
.4
2
1.
52
G
W
L
O
D
T
h
re
sh
ol
d
4.
6
C
h
ro
m
os
om
e
7
T
h
re
sh
ol
d
3.
0
C
h
ro
m
os
om
e
12
T
h
re
sh
ol
d
3.
3
20
09 1/
D
1a
Sa
tt
29
5-
Sa
tt
38
3
49
.9
4.
3
21
.2
96
.6
1
95
.8
9
88
.6
7
3.
97
17
/D
2
Sa
tt
52
8-
Sa
tt
48
8
19
3.
4
3.
0
14
.3
93
.3
6
97
.9
0
91
.9
2
0.
72
G
W
L
O
D
T
h
re
sh
ol
d
3.
7
C
h
ro
m
os
om
e
17
T
h
re
sh
ol
d
2.
3
20
08
an
d
20
09
20
/I
pa
51
5-
1-
Sa
tt
23
9
4.
0
4.
7
21
.5
75
.1
1
76
.9
0
80
.7
0
−2
.7
9
1/
D
1a
Sa
tt
53
2-
Sa
tt
32
1
22
.1
3.
2
10
.6
79
.0
9
80
.4
9
76
.7
9
1.
15
12
/H
Sa
tt
63
5-
pa
13
2H
0.
0
3.
4
12
.3
80
.1
2
78
.0
8
75
.7
6
2.
18
12
/H
Sa
t
33
4-
S1
2
07
11
10
0.
6
2.
8
12
.7
76
.4
8
80
.5
5
77
.6
4
−0
.5
8
G
W
L
O
D
T
h
re
sh
ol
ds
3.
7
C
h
ro
m
os
om
e
1
T
h
re
sh
ol
d
2.
2
C
h
ro
m
os
om
e
12
T
h
re
sh
ol
d
2.
2
2142
D
ow
nl
oa
de
d 
by
 [I
ow
a S
tat
e U
niv
ers
ity
] a
t 1
0:0
5 1
1 S
ep
tem
be
r 2
01
4 
Q
T
L
fo
r
so
yb
ea
n
se
ed
Z
n
co
n
ce
n
tr
at
io
n
20
08 12
/H
Sa
t
33
4-
S1
2
07
11
10
5.
6
3.
7
21
.2
3.
55
3.
55
3.
48
0.
04
19
/L
Sa
tt
69
4-
Sa
tt
14
3
42
.8
3.
0
16
.7
3.
47
3.
52
3.
56
−0
.0
4
G
W
L
O
D
T
h
re
sh
ol
d
3.
8
C
h
ro
m
os
om
e
12
T
h
re
sh
ol
d
2.
4
C
h
ro
m
os
om
e
19
T
h
re
sh
ol
d
2.
2
20
09 7/
M
Sa
tt
17
5-
pK
41
7H
52
.2
2.
8
19
.0
3.
93
3.
84
3.
83
0.
05
G
W
L
O
D
T
h
re
sh
ol
d
3.
4
C
h
ro
m
os
om
e
7
T
h
re
sh
ol
d
2.
1
20
08
an
d
20
09
7/
M
pk
41
7H
-p
k
70
T
65
.9
3.
0
23
.4
3.
72
3.
66
3.
65
0.
04
18
/G
pa
89
0V
-p
K
49
3H
12
4.
6
2.
9
18
.5
3.
68
3.
73
3.
67
0.
00
G
W
L
O
D
T
h
re
sh
ol
d
3.
7
C
h
ro
m
os
om
e
7
T
h
re
sh
ol
d
2.
3
C
h
ro
m
os
om
e
18
T
h
re
sh
ol
d
2.
4
2143
D
ow
nl
oa
de
d 
by
 [I
ow
a S
tat
e U
niv
ers
ity
] a
t 1
0:0
5 1
1 S
ep
tem
be
r 2
01
4 
2144 K. E. King et al.
and Sat 334-S12 0711. Marker S12 0711I is a BARCSOYSSR marker used to
increase marker density on chromosome 12 (Song et al., 2010). A7, the effi-
cient parent in the population, contributed the positive allele for the major
QTL using the combined data. Two of the suggestive QTL were attributed
to the heterozygote class in the population, indicating overdominance gene
action for these loci. The other QTL on chromosome 12, with the LOD
of 3.4, received the positive QTL from the inefficient parent Anoka, which
was similar to what Lin et al. (1997) observed for visual scoring of IDC on
chromosome 20.
There were no significant QTL identified for Zn concentration in 2008,
2009, nor in the combined data. However two suggestive QTL were inden-
tified in 2008, one in 2009, and two in the data set combined over years.
The suggestive QTL in 2008 were on chromosomes 12 and 19 and had LOD
scores of 3.7 and 3.0, and represented 21.2% and 16.7% of the variation,
respectively. They were identified in the marker intervals Sat 334-S12 0711
and Satt694-Satt143. In 2009, the suggestive QTL was in the marker interval
Satt175-pK 417H , had a LOD score of 2.8, and represented 19.0% of the
variation. Combined over years, the suggestive QTL were on chromosomes
7 and 18 with LOD scores of 3.0 and 2.9, respectively. These QTL were in
the marker intervals pk 417H-pk 70T and pa 890V-K 493H and represented
23.4% and 18.5% of the variation. Even though these QTL were not signif-
icant (LOD = 3.7; P = 0.95), the marker pk 417H- was consistent in 2009
and in the combined data. The positive allele for the QTL on chromosome
7 was associated with the inefficient parent Anoka, and on chromosome 18,
in the heterozygote.
QTL Analysis for Leaf Zn and Fe Concentration
There were no significant QTL for leaf Fe concentration detected in
this study. There were, however, five suggestive QTL detected in 2008, 2009,
and in the combined data (Table 6). Only one suggestive QTL was detected
in 2008. This QTL was on chromosome 20, had a LOD score of 2.1, and
represented 13.9% of the variation. This QTL was in the marker interval
Satt292-S20 1142, with the positive allele being contributed by the efficient
parent A7. In 2009, two suggestive QTL were detected on chromosomes 6
and 18. The QTL on chromosome 6 had a LOD score of 3.1, represented
21.8% of the variation, and was in the marker interval Sat 263-Satt708. The
positive allele for this QTL was contributed by Anoka, the inefficient parent.
On chromosome 18, the QTL had a LOD score of 3.0 and represented more
of the variation at 15.4%. The marker interval was pk 69I-Satt394, and in
this case the positive allele was associated with A7. In the combined years,
two suggestive QTL were detected. One QTL on chromosome 16 had a
LOD score of 3.0 and represented 15.3% of the variation. This QTL was in
the marker interval pk 375H-pA 233D. On chromosome 18, the QTL had a
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LOD score of 2.6 and represented 28.9% of the variation. In both of these
suggestive QTL, the positive allele came from the inefficient parent Anoka.
Similar results were obtained for leaf Zn in 2008, with no significant QTL
detection. However, one suggestive QTL was detected in 2009 and two in
the combined data. The suggestive QTL in 2009 was on chromosome 18
and had a LOD score of 2.4. The marker interval was Satt309-pk 69T, with
the positive allele coming from A7. The two QTL in the combined data
were on chromosomes 1 and 8 and had LOD scores of 2.7 and 3.8. They
were in the marker intervals Satt502-Satt532 and pa 111H-pa hilu. These
QTL represented 13.9 and 18.2% of the variation with the positive allele on
chromosome 1 coming from Anoka and A7 on chromosome 8.
DISCUSSION
Iron deficiency chlorosis has been studied for more than fifty years and
is still a major problem in areas where crops are produced on calcareous soil.
Progress has beenmade in developing genetically resistant lines; however the
release of agronomically suitable cultivars with both IDC resistance and high
yields hadbeen limited (Weiss, 1943; Fehr andCianzio, 1980; Fehr et al, 1984;
Jessen et al. 1988). Although there is a wealth of knowledge of the genetic
mechanisms contributing to iron homeostasis in plants as well as knowledge
of QTL associated with Fe efficiency, there is still limited information on the
genetic mechanisms associated with mineral accumulation in the seed and
leaves and how that might ultimately relate to iron homeostasis (Weiss, 1943;
Cianzio and Fehr 1980, 1982; Lin et al. 1997; Briat, 2008). Several reports are
available on mapping QTL for seed or grain Zn and Fe concentrations and
contents in various species (Zhou et al., 2010; Garcia-Oliveira et al., 2009;
Ding et al., 2010; Tiwari et al., 2009). These reports identified as few as one
significant QTL for Fe and Zn in wheat grain, and as many as five Zn and
four Fe QTL in Arabidopsis halleri (Tiwari et al., 2009; Willems et al., 2010).
We report here the first QTL for soybean seed Fe and Zn concentration and
their relationship with Fe efficiency.
One major QTL for seed Fe concentration was indentified in the 2009
data and over combined years. The major QTL on chromosome 1 for 2009
was in the interval Satt295-Satt383. There are no other QTL for mineral con-
centration on the Soybase website, nor has either one of those markers been
associated with QTL for Fe efficiency. This may suggest a novel gene(s) for
Fe accumulation in soybean seed at this locus. In the A81356022× PI468916
population; however, three Fe efficiency QTL on chromosome 1 have been
mapped previously with the marker K647 1 (Diers et al., 1992). This QTL is
in the position of 93.90–95.50 cM compared to 55.22 and 56.57 for themark-
ers in our QTL interval (httt://www.soybase.org). The significant QTL for
Fe concentration over combined years mapped to chromosome 20, which
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Lin et al. (1997) identified as a linkage group with Fe efficiency QTL in the
Anoka× A7 population. Our QTLmapped in the interval of pa 515-Satt239 .
More importantly, pa 515 was a marker used in the Lin et al. (1997) paper
that was associated with and mapped to the Fe efficiency QTL in the Anoka
× A7 population for visual score at the V2 stage of 1993 and chlorophyll
concentration at V4 stage of 1993 and 1994. The positive allele comes from
A7 with the genotypic average 80.70 [Fe] μg g−1 as compared to 75.11 [Fe]
μg g−1 for the inefficient parent Anoka. This is the first evidence of a genetic
link for QTL of Fe efficiency being associated to QTL for Fe accumulation
in soybean.
Consistently mapping QTL with significant effects over locations and
years continues to be a major challenge to QTL mapping and marker as-
sisted selection (MAS), as it is related the genetic diversity among parents,
population size, and the number of markers tested (Zhou et al., 2010; Diers
et al., 1992; Lin et al., 1997; Brondani, et al., 2002). Zhou et al. (2010)
mapped QTL for Zn, Fe, Cu, and Mg contents in maize and detected five
QTL in 2007 and nine QTL in 2008; however, they were unable to detect
the same QTL over the two years when the data were combined. In another
population they identified 12 QTL in 2007 and six in 2008, but only two
QTL were significant over both years. In rice grain, Garcia-Oliveira et al.
(2009) identified a total of 31 QTL for mineral accumulation, but only 17
were observed over both years of the experiment. Similarly, Lin et al. (1997)
detected a QTL in independent years on LG I, now chromosome 20, for
visual scores at both V2 and V4 stages with the marker K644 in common.
However, when the V4 stage data were combined over the years , there were
noQTL detected on that linkage group. In contrast, theQTL for chlorophyll
concentration at the V4 stage that was detected on chromosome 20 for the
combined years 1993 and 1994 was not detected in independent years or at
the different stages evaluated.
We obtained similar results here for themajor QTL detected and sugges-
tive QTL for Fe concentration. The major QTL was not detected in separate
years, but in the combined data for 2008 and 2009. For 2008 and in the
combined data 2008 and 2009, the suggestive QTL was on chromosome 12.
In both cases, the QTL was in the same marker interval Satt635-pa 132H ;
however, the positions of the peak of the QTL were different. In 2008, the
position of the QTL was at 7.0 cM, but in the combined data, it was at 0.0
cM. In both years, the allele from Anoka was positive, with the greatest con-
tribution observed in the combined data. A similar occurrence was observed
in 2009 and combined over years, with the QTL being detected on chromo-
some 1. However, the QTL was detected at two different positions on the
chromosome. In 2009 that position was at 49.9 cM, and in the combined data
it was at 22.1 cM, suggesting that two separate loci may have been identified.
Regardless of whether the QTL are due to two loci or a single locus, the
positive allele in 2009 was attributed to the inefficient parent Anoka. Over
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the combined data the genetic effect was additive as well and associated with
Anoka.
Although no significant QTL for Zn concentration was detected, sug-
gestive QTL over years were identified, as observed in Fe concentration.
The QTL detected in 2008 were not observed in 2009 or in combined data.
The QTL detected in 2009 on chromosome 7 was also detected in com-
bined data; however the QTL was in a slightly different marker interval, with
marker pk 417H in common between the QTL. Interestingly only one of the
QTL detected had the positive allele coming from the A7 parent, and it was
the QTL detected on chromosome 19 in 2008. This could indicate that chro-
mosome 7 contains genes that influence Zn accumulation in soybean seed
and that the major region on the chromosome is located near -pk 417H .
It was important to this research to determine if QTL for seed and
leaf Zn and Fe concentration co-localize to the same regions in the soybean
genome, whichwould suggest that the same geneticmechanisms are involved
in their accumulation and transport. The lack of consistency between years
and in the combined data makes it difficult to draw strong conclusions.
Chromosomes 7 and 12 were the only chromosomes for which QTL for
both Fe and Zn concentrations were mapped. However in 2008 the QTL
for Fe concentration on chromosome 12 mapped to position 7.0 cM, but
the QTL for Zn concentration mapped to position 105.6. When only the
combined data for Fe concentration are taken into account, the interval of
markers Sat 334-S12 0711 is the same as for Zn concentration for 2008. This
could indicate that chromosome 12 has genes that are involved in both Fe
and Zn accumulation in the seed. A similar occurrence was observed for
chromosome 7, where in 2008 a suggestive QTL for Fe concentration was
detected. However, in 2009 and in the combined data a suggestive QTL for
Zn concentration was detected. The positions of eachQTLdetected were not
the same, but marker pk 417H was in common with all three. Even though,
the QTL for Zn and Fe concentration were not detected in the same years,
this may be evidence that Zn and Fe accumulation are controlled by the
same genes at this locus. If this is the case, consistent identification of these
QTL for mineral accumulation could allow the increase in accumulation of
both minerals simultaneously.
Consistency was a problem with leaf Zn and Fe concentration as well. Of
the five suggestive QTL identified for leaf Fe concentration, only chromo-
some 18 had QTL for 2009 and in the combined data. However the positions
for the QTL were different, with one QTL at position 32.8 cM in 2009 and at
position 156.6 cM in the combined data. Interestingly, both of the intervals
for these QTL are in regions of previously mapped Fe efficiency QTL in dif-
ferent populations. Marker pk 69I is associated with the Fe efficiency QTL
1-1, 1-2, 1-3, and 1-4 in the A81356022 × PI468916 population (Diers et al.,
1992). Marker pa 890V , on theWilliams physical map, is at position 67.7 cM.
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There are four IDC QTL in the region of 66.6–73.3 cM. Furthermore, three
additional Fe efficiency QTL are at the position 73.0–76.00 cM, all of which
were identified in the Pride B216 × A15 population (Lin et al., 1997). The
interval for the Fe concentration QTL encompasses these QTL. Although,
the IDC QTL were mapped in different populations than that used in this
study, it seems likely that the QTL regions in all populations contain genes
involved in iron accumulation and iron efficiency. No QTL for leaf Zn were
detected on the same chromosome.
Iron homeostasis in plant tissues during growth and development is the
result of an integrated regulation of expression of various genes encoding
proteins acting in the transport, storage, and utilization of iron (Briat, 2008).
Ding et al. (2010) concluded that mineral accumulation in seed of Brassica
napus is controlled by multiple genes. Furthermore, common physiological
and molecular mechanisms could be involved in the accumulation of mul-
tiple mineral elements. With the genomic locations of molecular markers
known, we queried the intervals of the marker positions associated with the
identified QTL against the whole soybean genome assembly (Gmax 109,
Phytozome v.7.0, University of California, Berkeley, CA, USA) (Schmutz
et al., 2010) in order to identify candidate genes that could be related to
mineral accumulation and transport, which would further our understand-
ing of the genetic basis for Fe and Zn accumulation in soybean seed and
leaf tissue. We identified metal-related genes in those intervals on each
chromosome that could potentially provide a genetic basis for mineral ac-
cumulation in soybean seed and leaves. On chromosome 20, we indentified
several candidate genes that are involved with metal transport and uptake.
One gene is an Aluminum activated malate transporter , which is normally in-
volved in Al toxicity/stress tolerance and is a part of the multi-drug and toxic
compound extrusion (MATE) family (Liu et al., 2008; Sasaki et al., 2004).
Other genes within the QTL intervals that have been shown to be involved
in Fe stress responses were: Myb-like DNA-binding domain; ABC1 family; F-box
domain; and Leucine Rich Repeat protein (Zheng et al., 2009). Several genes
are of interest on chromosome 7, on which we mapped QTL for both Fe
and Zn seed concentration: Universal stress protein family; Ferric reductase like
transmembrane component; Ferric reductase NAD binding domain; Metallothionein;
Ctr copper transporter family; Ferritin-like domain; Auxin response factor ; AUX/IAA
family; 2OG-Fe(II) oxygenase superfamily; and Cation transport protein. bZIP tran-
scription factors are found on chromosomes 12 and 18. Members of this
family of transcription factors have been shown to be involved in leaf and
seed formation, energy homeostasis, and abiotic and biotic stress responses
(Guedes et al., 2008). Additionally, on chromosomes 12 and 18 there were
genes associated with mineral transport and photosynthesis. On chromo-
some 12, there was a Heavy-metal associated domain, and on chromosome 18 a
ferritin-like domain, MATE , and ZIP Zinc transporter was identified.
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CONCLUSIONS
This research has presented the first evidence of a link between Fe effi-
ciency and Fe concentration in soybean through QTL mapping of Fe con-
centration on an integrated soybean genetic linkage map developed from
an Anoka × A7 population. Through markers previously used to screen the
population and the addition of new SSR markers, the data identified a sig-
nificant QTL for Fe concentration that co-localized with markers previously
used to map Fe efficiency (IDC) QTL. In 2009 as well as in combined data,
these QTL represent QTL for Fe accumulation that have not previously been
mapped. Both of these QTL and the genes within the region can be targeted
in MAS for improving soybean genetic breeding for IDC resistance through
the development of lines with elevated Fe concentration. Additionally the
minor effects of the suggestive QTL identified could aid in improving Fe ef-
ficiency through a modifying polygene mechanism that has been described
by Lin et al. (1997). However, these QTL effects were more than likely in
regions involved in Fe stress response and loading. Because the experiment
was grown in non-calcareous soil, a non-stressed environment, major effects
were not detected. This would indicate, because the same chromosomal re-
gions were identified for both Fe and Zn concentration, that there are similar
physiological processes in sink-to-source for both Fe and Zn (Garcia-Oliveira
et al., 2009). Candidate genes identified in these QTL regions could be in-
volved in mineral uptake, transport, and loading, which could potentially be
useful in breeding crops that are Fe efficient and have higher iron concen-
tration. Ultimately, these genes may be in the pathways involved in mineral
accumulation in soybean. This research provided evidence of QTL for Zn
and Fe accumulation in soybean with a strong indication that Fe and Zn have
loci in common. Furthermore, Fe efficiency and Fe accumulation appear to
be governed by similar genes. This research has provided information to-
ward further understanding of the genetic complexity of iron homeostasis,
transport, and mineral accumulation in soybean.
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